Abstract. Atmospheric CO 2 is rapidly increasing without an integrative understanding of the responses of soil organisms. We sampled soils in a chaparral ecosystem at 18 intervals over a 3-yr period in replicated field chambers ranging from 250 to 750 ppm CO 2 at 100 ppm increments. We assessed three distinct soil energy channels: mycorrhizal fungi, saprotrophic fungi-mite/collembola, and bacteria-protozoa/nematode. C allocation belowground increased with elevated CO 2 . Standing crops of fungi and bacteria rarely changed with CO 2 . Mass of bacteria-feeding nematodes increased during wet periods, but the effects on soil bacteria were not detectable. However, grazing of fungi by mites increased with increasing CO 2 up to 550 ppm CO 2 . Above this threshold, allocation of C to the fungal channel declined. Direct measures of mycorrhizal fungi (percentage infection, arbuscular mycorrhizal [AM] fungal hyphal length) showed no changes with CO 2 enrichment, but indirect measures (macroaggregates with newly fixed C) increased suggesting increasing allocation of C through this channel. We postulate that the lack of change in standing crop in microbes to elevated CO 2 is due to increasing turnover and to increasing N deficiency. Assessing C sequestration and other impacts of elevated CO 2 on ecosystems requires a comprehensive, interactive, and dynamic evaluation of soil organismal responses.
INTRODUCTION
The concentration of atmospheric CO 2 is currently approaching 370 ppm and increasing globally at an exponential rate (Zak et al. 2000) . Despite concerns about the indirect effect of CO 2 through climate change, we still understand little about how ecosystems respond to elevated CO 2 directly. Plants exposed to elevated atmospheric CO 2 typically have higher photosynthetic rates resulting in increased primary productivity (Poorter 1993) . Some of this increase in fixed carbon is shunted by the plant belowground to roots, as soil resources such as N, P, and water become limiting (Rogers et al. 1994 ). This increase in root production, together with an associated increase in rhizodeposits in soil typically stimulates the activity of soil organisms (Treseder and Allen 2000) . Plant-derived carbon is the basic energy supply for soil food webs. Since soil organisms are often carbon-limited (Zak et al. 2000) , an increase in atmospheric CO 2 generally results in an increase in microbial activity in soil (Hamilton et al. 2002 , Rillig et al. 2002 . However, not all soil organisms benefit equally. Some soil organisms are symbionts (e.g., mycorrhizal fungi, N-fixing bacteria) that acquire C directly from their host. Others depend on increasing detrital inputs to the soil. The soil food web is composed of many energy channels, and extra carbon may not flow equally among these. It is important to know which organisms are affected by CO 2 , because they differ in their turnover and accumulation rates. For example, organisms involved in the bacterium-protozoa/nematode channel have a higher turnover rate than those in the fungus-mite/collembola channel (Moore et al. 1996 , Wardle 2002 . In a growthchamber study, bacterial-and fungal-based energy channels were stimulated by CO 2 , depending on N availability . Alternatively, Zak et al. (2000) reported that variation is so high that no overall trends emerge.
Mycorrhizal fungi constitute a separate third energy channel for two reasons. First, these fungi receive direct photosynthate (e.g., Wang et al. 1989 ) and do not depend on plant tissue senescence. Most studies report that allocation of C to mycorrhizal fungi tends to increase in response to elevated CO 2 (e.g., Allen 2000, Gamper et al. 2004) . Staddon et al. (2002) suggested that there was no change in percentage root infection but, as root length often increases, this would mean an increase in total mycorrhizal fungal biomass. Second, the dominant mycorrhiza at our site is the ar-buscular mycorrhiza (AM), and the fungi (Glomales) forming these associations are less palatable to microfauna than most other fungi Kendrick 1996, Klironomos and Ursic 1998) . Thus, the individual ability of functional groups of soil organisms to respond to elevated CO 2 will have an effect on the general ability of soils to sequester carbon in the short term.
Changes in the structure of soil energy channels can give us an insight into the feedback of terrestrial ecosystems to the atmospheric CO 2 pool (Hunt and Wall 2002) . Our goals were to understand how major soil energy channels simultaneously respond to elevated CO 2 and then to examine potential interactions among these components. We organized analyses by three energy channels: (1) bacteria-protozoa/nematodes, (2) fungi-mites/collembola, and (3) mycorrhizal fungi. We present results from a field experiment in a chaparral ecosystem. We exposed plants and soil to six CO 2 concentrations (250-750 ppm in 100 ppm increments) using independent, replicated null-balance field growth chambers (Oechel et al. 1992) .
METHODS

Study site
This research was undertaken at the Sky Oaks Biological Field Station near Warner Springs, California (33Њ22Ј N, 116Њ40Ј W). The site has a mediterraneantype climate with almost exclusively winter precipitation dominated by California chaparral vegetation. Soil is a lithic haploxeroll and is relatively high in both total and available P, and cations but limited in N (Morris and Allen 1994 . To initiate the project, the site was burned in 1993 resulting in an even-aged stand of plants, largely Adenostoma fasciculatum (chamise). A. fasciculatum is in the Rosaceae, but no N 2 -fixing Frankia associations have been found. It does, however, form relationships with a diverse set of AM, EM, and dark-septate fungi, depending on environmental conditions . Greater details on the site climate and soils can be found in Allen et al. (1996) and Roberts et al. (1998) .
In part, the lack of a measurable response in many field studies may be a consequence of two factors. First, spatial variation can be extremely high over small distances and soils tend to be randomly sampled, resulting in a very low power to detect change (Klironomos et al. 1999) . In these cases, a sampling scheme should be determined based on known spatial structure. Second, soils tend to be sampled only once at the beginning of a study, and then once at the end. Soil organisms shift temporally in response to seasons and events, with different groups of organisms offset from each other. Therefore, we defined our system spatially and temporally before treatments were applied. Specifically, we characterized the spatial dispersion of soil parameters and organisms, and refocused this sampling near the edge of the canopy for maximum detectability (Klironomos et al. 1999) . We also sampled all chambers for two years prior (1993) (1994) (1995) to onset of CO 2 fumigation to test for variability of replicates and seasonality in baseline levels of the activities of study organisms. No chamber effect was found through this period (M. F. Allen, unpublished data) .
To assess the effects of CO 2 on this ecosystem, we utilized 12 individual field fumigation chambers. Duplicate chambers each with CO 2 concentrations set at 250, 350, 450, 550, 650, or 750 ppm were randomly assigned (Oechel et al. 1992 ). All soil samples were taken immediately below mid-canopy to maximize detectability of treatment (Klironomos et al. 1999) . The dominant plant in all chambers was A. fasciculatum. Other plants were also found in most chambers and were also assessed when possible. These included Ceanothus greggii, Gutierrezia sarothrae, and Gnaphthalium californicum. C. greggii (California lilac) is in the family Rhamnaceae, and forms AM (M. F. Allen, unpublished data) as well as perennial N 2 -fixing nodules with Frankia. G. sarathrae (snakeweed) is an early successional subshrub in the family Asteraceae that forms abundant AM . G. californicum (everlasting) is an early seral Asteraceae biennial that also forms AM (M. F. Allen, unpublished data).
The elevated CO 2 treatments were initiated in December of 1995. Samples were collected 18 times over a period from June 1995 (prior to initiating CO 2 fumigation) through May 1999. Soil cores were taken at approximately two-month intervals during the growing season (February through May), and from one to three times during the dry season. At each sampling time, soil biotic and chemical analyses were performed.
Soil and plant nutrient analyses
Plant and soil samples were taken for nutrient analyses in October of 1997 and May of 1998. To minimize the disturbance of soils, all sampling was undertaken using a 2.5-cm corer to a depth of 20 cm. New leaves were clipped from plants of the dominant species and dried.
All chemical analyses were undertaken using standard techniques. Soil chemical analysis included total N and C using an elemental analyzer at the DANR Analytical Laboratory (University of California, Davis, USA), and ammonium and nitrate (available N) using KCl extraction and colorimetric analysis. Available P was determined following a bicarbonate extraction and analyzed colorimetrically using a Technicon Autoanalyzer II (Olsen and Sommers 1982) . Organic P was determined as above following ashing for 4 h at 430ЊC. Total P was previously analyzed . Microbial N (Brookes et al. 1989 , Davidson et al. 1989 and microbial P (Cole et al. 1978) were determined measuring available N and available P on chloroformfumigated samples vs. nonchloroform-fumigated soils.
ELEVATED CO 2 AND SOIL BIOTA Dried leaves were weighed, ground, and analyzed for total N and C using an elemental analyzer DANR Analytical Laboratory (University of California, Davis, USA) and total P using Kjeldahl digestion and colorimetric analysis. ␦ 15 N analysis of leaf tissue was analyzed by the University of California, Davis Stable Isotope Facility.
Root/soil C analyses
In October 1999, we collected soil from the chambers for measurements of C flux into roots, soil macroaggregates, and bulk soil by using stable isotope analyses. This approach takes advantage of the fact that supplemental CO 2 added to the chambers was depleted in 13 C relative to the atmosphere (Hungate et al. 1996 , 1997 , Nitschelm et al. 1997 , Lin et al. 1999 , Van Kessel et al. 2000a . Live roots and leaves were used to determine the ␦ 13 C signature of C added to the soil via photosynthesis. These could be compared to the ␦ 13 C of standing pools of C in roots, macroaggregates, and bulk soil, to partition C into ''new C'' photosynthesized since onset of the experiment vs. ''old C,'' which was present beforehand. Leaf tissue and four 5 cm deep ϫ 4 cm diameter soil cores were taken 0.75 m from the base of each A. fasciculatum at cardinal points and composited. For 13 C analyses, ''control'' samples were collected in the same manner from five A. fasciculatum located in an undisturbed area about 50 m from the chambers. Samples were stored on ice for transport back to the laboratory. Macroaggregates were extracted from a 5-g subsample of root-free bulk soil To obtain roots, soil samples were sieved through 1-mm mesh, and material remaining on the sieve was examined. Root fragments Ͼ4 mm in length were selected regardless of condition or species identity and were washed three times in deionized water. These roots include both live and dead standing crop and will be referred to as ''bulk'' roots. For stable isotope analyses, at least five live A. fasciculatum roots Ͻ1 mm diameter were selected from each sample based on color, morphology, and texture. All roots were then ovendried at 60ЊC for 72 h and weighed. Root biomass at each depth was calculated as dry mass per unit area of soil. Roots were then analyzed for 13 C concentration and %C as detailed below.
To determine ␦
13
C and %C of plant tissue, macroaggregates, and soil, oven-dried samples were ground to a fine mesh, enclosed in tin capsules, and run through a continuous flow mass spectrometer coupled with a gas chromatograph and elemental analyzer (Europa Integra, Stable Isotope Facility, University of California, Davis, California, USA). C/ 12 C sa and 13 C/ 12 C st are the isotope ratios of the sample (sa) and standard (st; PeeDee Belemnite), respectively (Ehleringer and Osmond 1989) .
The CO 2 added to the chambers was derived from fossil fuels, which are depleted in 13 C relative to the atmosphere. This difference in isotopic signature enabled us to trace the C that had been added to the system during the CO 2 experiment (referred to as new C). We used a mass balance equation to calculate the amount of new C in macroaggregates and bulk soil. The ␦ 13 C signature of belowground C in each treatment can be represented as a linear equation in which the ␦ 13 C of live A. fasciculatum roots from each chamber is used as the signature of the new C and the ␦ 13 C of soil from the control area equals the old C, such that 13 13 13
where ␦ 13 C r,m,s is the signature of root (live ϩ dead), macroaggregate-C, or bulk soil-C; ␦ 13 C old , the isotopic composition of old C; ␦ 13 C new , the signature of new C; % old C, the proportion of C that is old; and % new C, the proportion of C that is new.
Mycorrhizal channel analyses
During the entire course of the experiment, soil and root samples were collected using four, small composited, cores to a depth of 20 cm. Roots were separated by hand and examined using the dissecting microscope for mycorrhizal type. During the study, all plants were found to form arbuscular mycorrhizal (AM), although ectomycorrhizae (EM) also were found on A. fasciculatum during the wet (El Niñ o) years of 1993 and 1998. Because A. fasciculatum formed multiple mycorrhizae, including AM, EM, and dark-septate, and could switch among these types between years , we focused on G. sarothrae for assessing AM infection . In addition, we have found that elevated CO 2 often alters the intensity (amount of internal fungal mass) as well as the extent (percentage root length) of infection . Therefore, both percentage root length and AM infection intensity (sensu were assessed during the spring of 1997, when AM infection peaked. Mycorrhizal fungal hyphae were isolated and length analyzed as described below (Methods: Soil energy).
Soil energy channel analyses
A separate group of soil samples were taken for energy channel studies. Samples were placed in the cooler and taken back to the laboratory. Within 12 h, soils were analyzed for soil organisms. Slides of fungi and bacteria were immediately prepared to minimize the effects of storage. Active fungal hyphal lengths and bacterial counts were undertaken using differential staining as originally described by Anderson and Slinger (1975) as modified by Morris et al. (1997) . Total hyphal lengths were measured using the same slides prepared for active fungi. Total lengths were determined using line intercept (Allen and MacMahon 1985) . These were then identified as basidiomycetes and Glomalean fungi based on morphology. The re- Ecological Applications Vol. 15, No. 5 maining hyphae were ascomycetes, (or their imperfect anamorphs) and probably mostly saprobes or facultative parasites (Allen and MacMahon 1985 , Allen and Allen 1986 , 1988 , Miller et al. 1995 . We found no Mucorales (the other fungi with aseptate hyphae, which are architecturally different from AM hyphae) either by direct observation or dilution plating (Morris and Allen 1994 ; M. F. Allen and S. Harney, unpublished data) that would complicate our analysis. If Mucorales were present, they were below detectable density and frequency. Two soil cores were extracted from each chamber for soil animals. The first core was placed in a highefficiency microarthropod extractor for 6 d (Lussenhop 1971) . Animals were extracted into a small dish containing ethylene glycol. The numbers of springtails (Collembola) and mites (Acarina) were then counted using a stereomicroscope at 10-40ϫ. The second soil core was divided into two. One-half was used to extract nematodes with a centrifugal-flotation method (Kimpinski 1993). They were counted with a stereomicroscope at 10-40ϫ. The second half was used to isolate protozoa as described by Bamforth (1991) . One-half g soil was mixed with 10 mL bacterized soil extract in a small beaker with a magnetic stirrer, and 0.05-mL aliquots were transferred to 60 wells of a microtiter plate. The plates were covered and incubated at 22ЊC for 7 d. The number of protozoan colonies was then recorded.
Protozoa feed primarily on bacteria and collembola on fungi Crossley 1996, Hopkin 1997) . Nematodes are found at almost every trophic level. We separated nematode trophic structure based on mouthparts. Few stylet-forming nematodes (plant parasites and predators) were found. Most were assumed to be bacterial feeders because they had no stylet. Therefore, these organisms were assigned to the bacterial energy channel. Also, the large majority were oribatid mites, largely fungal feeders in the families Ceratozetidae, Oppiidae, and Oribatellidae. Therefore, mites were placed in the fungal energy channel. The sizes of organisms can vary among species within a trophic level. However, our mean values were very close to those used by Beare et al. (1992) , so the biomass C conversions for soil animals were estimated where: bacteria ϭ 1.48 ϫ 10 Ϫ7 g/cell, fungi ϭ 1.39 g/m hyphae; ciliate protozoa ϭ 6.3 ϫ 10 Ϫ4 g/individual; amoebae ϭ 4.5 ϫ 10 Ϫ4 g/individual; flagellate protozoa ϭ 1.2 ϫ 10 Ϫ4 g/individual; nematodes ϭ 0.030 g/individual; oribatid mites ϭ 2.39 g/individual; and collembola ϭ 1.21 g/individual.
In all samples, percentage soil moisture was measured and mass corrected and expressed on a dry soil mass basis.
To evaluate the entire energy channel, we calculated the grazing rates of soil animals on their respective food source as per Moore et al. (1996) . We calculated the consumption (C) of grazers (mites, collembola, nematodes, protozoa) on food source (fungi, bacteria) as
where c ij is a consumption coefficient per Moore et al. (1996) corrected for daily consumption, X i is the standing crop biomass of grazer, and X j is the standing crop of food. The annual consumption coefficients used were 0.016 (mites, collembola), 0.005 (protozoa), and 0.006 (bacteria-feeding nematodes). The amount grazed was added to the measured bacterial or fungal biomass and reanalyzed against atmospheric CO 2 .
Statistical analyses
Our sampling design was based on our 1994 detailed sampling and power analysis (Klironomos et al. 1999) . Based on these analyses, differences were considered significant at an ␣ value of 0.10. To detect responses along the CO 2 gradient (250-750 ppm), ANOVA using a repeated-measures design was run for each soil biota variable using all 14 sampling times after imposing the CO 2 fumigation from December 1995 to May 1999 (Zar 1974) . To better understand the relationships among soil trophic groups and the changing environment created by changing atmospheric CO 2 , the entire data set was then further analyzed using canonical correspondence analysis (CCA) to assess the relationship between the biotic variables and the measured environmental variables (Ter Braak 1987) . This multivariate approach will determine how groups of variables (e.g., organisms within individual energy channels) will respond to changes in atmospheric CO 2 and plant and soil nutrients. Further analyses were undertaken including piecewise regression to evaluate thresholds as per Neter and Wasserman (1974) .
RESULTS
Effects of atmospheric CO 2 on C entering soil
Total allocation of C to soil increased significantly through the study period with elevated CO 2 . Allocation to roots increased as much as threefold with increasing CO 2 (Fig. 1) . The slopes of ␦ 13 C to ppm CO 2 showed that both leaves (P ϭ 0.012) and live roots (P ϭ 0.049) grown under elevated CO 2 had significantly lower ␦ 13 C, indicating greater fixation with increasing CO 2 (Fig. 2) . The incorporation of new C into fine roots rose significantly from 3 g C/m 2 in the 250-to 550-ppm treatments to 11 and 19 g C/m 2 in the 650-and 750-ppm treatments, respectively (P ϭ 0.007). In addition, new carbon inputs into macroaggregates increased under CO 2 enrichment (Fig. 3) , although no significant changes in bulk soils were found.
Soil organism responses
Soil microbes were highly variable seasonally and throughout the course of the experiment. The range in variation between averages among chambers for the low (generally dry season) and high (generally wet season) values ranged from three-to fourfold in total numbers and soil animals to 20-fold in active soil fungi (Table 1) . At any one time, (i.e., a single harvest), there were very few significant CO 2 effects. We analyzed the microbial responses using a repeated-measures ANO-VA from December 1995 through May 1999. Arbuscular mycorrhizal fungal hyphal length varied with time (primarily seasonally) but did not change with CO 2 level (Table 1) . Mycorrhizal infection often changes in response to changes in CO 2 in chaparral plants in growth chamber experiments (e.g., Klironomos et al. 1996, Rillig and ). We did not try to quantify A. fasciculatum as it shifted between mycorrhizal types seasonally and between years . No changes in percentage mycorrhizal infection in G. sarothrae were observed for any CO 2 level. Infection intensity at ambient CO 2 was 1.7 (with changing CO 2 levels, P ϭ 0.66), root infection was 54% (P ϭ 0.98), and infection by AM hyphae was 37% (P ϭ 0.96), arbuscules 37% (P ϭ 0.21), vesicles 19% (P ϭ 0.95), and coils 4% (P ϭ 0.60).
There were no significant changes in the bacterial numbers using repeated-measures ANOVA for changing atmospheric CO 2 (P ϭ 0.49), date (P ϭ 0.41), or the interaction (P ϭ 0.51). The bacterial energy channel did have one interesting pattern. While the overall repeated-measures analysis for the groups (bacteria, nematodes, protozoa) showed no significant differences due to CO 2 , during periods of high soil moisture (14% or greater, Ͼ Ϫ0.3 MPa), bacteria declined slightly (but not significantly). By contrast, during these periods, nematode numbers increased (November 1996, r ϭ 4.1, P ϭ 0.01; February 1997, r ϭ 0.3, P ϭ 0.04) significantly as CO 2 levels increased. Protozoa either did not change or declined with elevated CO 2 .
The active saprotrophic fungal energy channel changed through time. Active (although not total) fungi and mites declined significantly with increasing atmospheric CO 2 in the repeated-measures analysis (Table 1). However, during periods when soil moisture exceeded 8% ( Ͼ Ϫ1.0 MPa), mite numbers showed a significantly positive slope (November 1996, r ϭ 0.6, P ϭ 0.01; December 1996, r ϭ 0.4, P ϭ 0.02; April 1997, r ϭ 2.3, P ϭ 0.03).
To determine if the increases in soil animals under elevated CO 2 contributed to the apparent lack of response in soil bacteria and fungi, we assessed the grazing levels of bacteria by nematodes, and of active fungi by mites. During the dry season, the responses were water limited and little biological activity was observed. We focused only on the wet part (winter and early spring) of the growing season of 1995-1996 and 1996-1997 . Still, no significant changes in standingcrop bacteria or standing-crop bacteria plus grazed bacteria against CO 2 levels were noted (P ϭ 0.97, P ϭ 1996/ 1997 . Note the y-axis log scale. There were no significant changes in fungal biomass (y ϭ 67386 ϩ 25(CO 2 ); r 2 ϭ 0.005, P ϭ 0.69). However, mite biomass significantly increased with CO 2 levels (y ϭ Ϫ203 ϩ 2.24(CO 2 ); r 2 ϭ 0.266, P ϭ 0.003). Each symbol represents one chamber. 0.93). In contrast, for the wet period of November 1996 through April 1997, the fungal pathway appeared to be responsive to CO 2 levels. There was no significant change in fungal mass at these times, but the standing crop of mites increased with increasing CO 2 (Fig. 4) . When we added the estimated mite grazing to the standing crop of the fungi, the total fungal energy channel value showed a highly positive relationship to atmospheric CO 2 up to 550 ppm CO 2 but declined thereafter (Fig. 5) . We used a piecewise regression model, piecewise graph, using a model of Y ϭ b 0 ϩ b 1 (X 1 ) ϩ b 2 (X 1 Ϫ 550)X 2 , where slope 1 ϭ b 1 ϭ 0.206, slope 2 ϭ b 1 ϩ b 2 ϭ Ϫ0.111, r 2 ϭ 0.14, P for CO 2 ϭ 0.09 (vs. P ϭ 0.69 for a linear regression model). The piecewise model demonstrated a drop in the fungal energy channel above 550 ppm CO 2 (Fig. 5) . The time period for these responses was during the wet season, which corresponds to a time when available N was depleted.
Plant and Soil responses
Elevated CO 2 had differential effects on soil N pools throughout the study period. Microbial N dropped significantly (mean 2.0 mg N/kg, slope Ϫ0.001, P ϭ 0.008) by the October 1997 sampling in response to FIG. 6. A two-dimensional biplot of the entire data set (December 1995 through April 1999) using canonical correspondence analysis (CCA). AM fungal species spore counts are from Treseder et al. (2003) . Environmental variables are depicted by arrows, and soil organisms are depicted by points. In total, the seven environmental variables (atmospheric CO 2 , total soil N, available soil N, soil NO 3 Ϫ , soil NH 4 ϩ , plant N, and plant P) explained 52% of the variance of the soil organism data. With CCA constrained to the seven environmental variables, the eigenvalues of CCA axes 1 (0.32) and 2 (0.19) explained 38% of the cumulative variance of the biotic data. The soil organism-environment correlations were high (axis 1 ϭ 0.81 and axis 2 ϭ 0.69), and Monte Carlo permutation tests (99 unrestricted permutations) showed that both axes were significant (P Ͻ 0.05). elevated CO 2 . Total N (mean 1.2 g N/kg, slope 0.00, P ϭ 0.63) and extractable NH 4 ϩ (mean 1.7 mg N/kg, slope 0.00, P ϭ 0.29) were never significantly affected by elevated CO 2 . However, NO 3 Ϫ increased slightly (mean 0.6 mg N/kg, slope 0.0022, P ϭ 0.10). Total P levels (230 mg P/kg) are high across the region . Extractable P (mean 3.8 mg P/kg, slope 0.002, P ϭ 0.6), organic P (mean 33.5 mg P/kg, slope 0.002, P ϭ 0.86), and microbial P (mean 3.0 mg P/kg, slope Ϫ0.001, P ϭ 0.81) did not change as a function of the CO 2 treatment. By May of 1998, NH 4 ϩ was barely detectable in the soil, and NO 3 Ϫ was not only low, but effectively depleted at higher CO 2 levels (NO 3 Ϫ ϭ 1.53 Ϫ 0.002(CO 2 ) in milligrams per kilogram; r 2 ϭ 0.27, P ϭ 0.03). Thus, the available N was low and declining (available N ϭ 2.22-0.002 (CO 2 ) in milligrams per kilogram; r 2 ϭ 0.20, P ϭ 0.07). As a correlate of changing soil nutrient status, plant P and N also changed (Table 2) . Phosphorus declined in A. fasciculatum, but not in the other plant species. Nitrogen declined in A. fasciculatum, C. greggii, and G. sarothrae. In two of the species, ␦
15 N values significantly declined. These were A. fasciculatum, which can shift between EM and AM and thereby access different N pools, and C. greggii, which forms a symbiosis with Frankia, a N 2 -fixing actinomycete.
Multivariate analyses
We ran a multivariate analysis of all resulting soil organism responses over all sampling times. The relative contributions of the environmental variables to the canonical correspondence analysis (CCA) axes can be interpreted by examining the t test scores of the canonical coefficients between the environmental variables and the ordination axes (Fig. 6) . One variable, atmospheric CO 2 , contributed significantly to axis 1 and four variables, available soil N, soil NH 4 , plant N, and plant P, contributed to axis 2 (P Ͻ 0.05). Therefore, the first axis of the CCA plot could be interpreted as a gradient of atmospheric CO 2 . The second axis appeared to be a nutrient gradient. Most soil organisms were negatively associated with an increase in atmospheric CO 2 . Only hyphal growth and sporulation by Acaulospora and Scutellospora were stimulated by CO 2 (data from Treseder et al. 2003) . This general multivariate trend confirmed the repeated-measures analyses for each of the biotic variables across the sampling dates.
Axis 2 showed an interesting pattern in that the bacterial food web (bacteria, protozoa, nematodes) responded positively to available soil N (NH 4 ϩ , NO 3 Ϫ ) whereas the saprotrophic fungal food web (total hyphae, mites, collembola) responded positively to plant N and P and negatively to available soil N (Fig. 6 ).
DISCUSSION
Chaparral ecosystems are water and N-limited (e.g., Moreno and Oechel 1993, Allen et al. 1996) . Elevated CO 2 enhances water-use efficiency, which alleviates water limitations. However, due to the dilution in leaf N and P, these elements became more limiting to production. The additional C should enhance production of soil organisms. Based on the literature and on our growth chamber experiments using chaparral species (e.g., , Hu et al. 1999 , we hypothesized that both mycorrhizae and soil organisms should increase with elevated CO 2 because plant growth would eventually become nutrient limited and more C is entering the ecosystem to support microbial growth.
Despite the increased allocation of C belowground, there was no corresponding increase in standing crops of soil fungi or bacteria, only in some of the microfauna. We were especially surprised that AM fungal hyphae, basidiomycete hyphae, and mycorrhizal infections did not change with atmospheric CO 2 . But, some invertebrate groups increased during the growing season even as the overall microbial standing crops did not change. Overall, microbial N declined and microbial mass was negatively affected by increasing CO 2 . These data suggest that there are several dynamic changes occurring within soil as a function of elevated atmospheric CO 2 .
In most field systems, grazing of microbial mass by invertebrates is inadequate to elicit a measurable difference on the microbial mass. The invertebrate mass is simply too small (Hunt and Wall 2002) . The standing crop of the grazers was generally only ϳ1% of the standing crop of microbial mass, and any differences due to elevated CO 2 within the variation between samples. In the bacterial energy channel, although nematode grazing increased during wet periods, nematode mass was so small that no effect on bacterial mass could be found. However, the fungal energy channel appeared different. Overall, with higher CO 2 , saprotrophic fungal and mite standing crop actually declined. But, during the growing season, between ambient and 550 ppm atmospheric CO 2 , the fungal mass alone did not change but the total fungal energy channel increased. The estimated amount grazed by mites accounted for the difference. Above 550 ppm, that difference disappeared. During the growing season of 1997/1998, mites appear to have grazed the excess fungal production. In addition, there was an increase in new C in macroaggregates with no change in bulk soil. Microbes, particularly mycorrhizal hyphae within these macroaggregates are protected from invertebrate grazing resulting in C sequestration as shown by the new C in these aggregates. These results suggest that any C inputs to the bulk soil were rapidly grazed or respired. At the highest levels of atmospheric CO 2 (650 and 750 ppm), and by the growing season of 1998/1999, no significantly equivalent patterns were observed.
Mycorrhizae may have also increased turnover rates with elevated CO 2 making change detection based on the normal measures (percentage infection, hyphal lengths) difficult. AM hyphal networks normally turn over in less than a week (Friese and Allen 1991 , Staddon et al. 2003 . Furthermore, EM (in this system being ascomycetes and basidiomycetes) are readily grazed by both mites and collembola (Shaw 1988 , Ponge 1991 , and the dominant plant, A. fasciculatum was switching back and forth between mycorrhizal types.
Two indirect indicators of mycorrhizal activity suggested again that more C went to mycorrhizal fungi in response to elevated CO 2 . First, there was an increasing amount of new C within macroaggregates. With elevated CO 2 , these aggregates contain increasing amounts of AM hyphae of Scutellospora and Acaulospora , and these aggregates have increasing concentrations of glomalin, a glycoprotein produced by AM fungi (Hobbie et al. 1999 , Spriggs et al. 2003 . Together, these data suggest that mycorrhizal activity increased, but that turnover also increased.
The importance of N limitations to elevated CO 2 responses should not be underestimated. By 1998, available soil N had declined, especially under elevated atmospheric CO 2 , to the point where it was almost undetectable. Leaf N declined in plants and microbial mass declined. Hu et al. (1999) postulated that initially microbes are better competitors for N than plants but under extended N limitation the plants ultimately garner the N. Under situations such as a CO 2 -mediated nutrient stress, plants ultimately outcompete microbes for these scarce soil resources (Hu et al. 2001) , thus negatively affecting soil microbial activity. This may be especially true when all plants are mycorrhizal, because mycorrhizal fungi effectively compete with other microbes (Allen 1991) for limiting nutrients. Further, fungi (including mycorrhizal) have a C:N ratio ranging ELEVATED CO 2 AND SOIL BIOTA from 10 to 30. Mycorrhizal fungi may only transport N to the host when it is above levels limiting to fungal growth . Bacteria have an even greater need for N with C:N ratios in the 6 to 8 range (Wardle 2002) . Thus, although microbes may initially take up greater nutrients, with time, nutrients are eventually limiting to microbes (Zak et al. 2000) .
The changes in plant N supported the hypothesis that N was limiting in this system. Lower N concentration in leaf tissue in response to elevated CO 2 has been reported elsewhere (e.g., Hobbie et al. 2001 . Adenostoma fasciculatum, which has the ability to switch from AM to EM, also had lower ␦ 15 N in the leaf tissue with CO 2 . Two factors could have accounted for this response. First, its mycorrhizal associates may be scavenging additional recent N extending beyond the reach of the AM plants or using organic or recently mineralized N . Second, as discussed previously, there was an ever-greater fractionation of 14 N and 15 N (via mycorrhizae) as soil N became more limiting. Nitrogen fixation probably increased in Ceanothus greggii as it had greater fixed N (lower ␦ 15 N) in the leaf tissue and also may have had fractionation by mycorrhizal fungi further reducing the ␦ 15 N values (Spriggs et al. 2003) . C. greggii is the only plant forming symbiosis with N 2 -fixing bacteria that we measured, but appears only to form AM, not EM.
Together these data strongly suggest a need for better understanding of the relationships between C and N and the role of soil energy chains, especially in arid ecosystems. During the first wet season, an increase in the C flow through the fungal energy chain was apparent. Mycorrhizal fungi and plants may have subsequently immobilized most of the N that was mineralized. By the following year, the N limitation probably extended directly to both bacteria and fungi and their food webs. The standing crop of bacteria and saprotrophic fungi either did not change or decreased with the elevated CO 2 . This is supported by other studies. Burton et al. (2002) reported that respiration rates in forests decreased with decreasing tissue N. Hobbie (2000) demonstrated that plant production and decomposition are not necessarily limited by the same soil resource. Hu et al. (2001) found that N-limited decomposition under elevated CO 2 . Both nematode and mite data suggest rapid grazing of saprotrophic bacteria and fungi. As C became more abundant, N could have rapidly become limiting. AM fungi, by obtaining their C directly from the host, may simply have been more focused on scavenging N and P as it became available. These fungi are also known to be less palatable to animals and one hypothesis is that their hyphae have a higher C:N ratio than saprobes Kendrick 1996, Klironomos and Ursic 1998) .
Our findings indicate there is a need to study a wide variety of ecosystem types before making general conclusions about ecosystem responses to elevated CO 2 .
Forest and grassland systems have been studied extensively in this regard, but they may not be representative of all ecosystems. Undisturbed arid shrublands may not fix comparatively large amounts of C but they may sequester a large fraction of that C. Furthermore, sequestration may not be a function of the total C fixed or even allocated to soil. Individual food webs may be very important in this respect. Specifically, C added to detrital pools, appeared to be grazed or rapidly turned over and respired back to the atmosphere in this ecosystem. Alternatively, C allocated to AM fungi forms a large part of the macroaggregate structure in the form of glomalin (Rillig et al. 2002) . Aggregates may be protected from decomposition and form an important sequestration pathway.
What is the fate of soil C under elevated CO 2 ? It seems as though more C will be allocated to soils regardless of whether it goes through mycorrhizal fungi or saprobes, but different mechanisms and sequestration amounts are operating for the different groups. Mycorrhizal fungi would be more likely to be C-limited under ambient conditions, so elevated CO 2 increases their growth. Much of this pool is sequestered in macroaggregates . Saprobes are probably not C-limited in this site, contrary to prevailing wisdom, and may become more Nlimited due to lower N concentrations in plant tissue. Much of this C may be respired directly or within the higher trophic groups. There may also be a feedback loop as plants become more and more N-limited with time.
On the other hand, if N-availability strongly influences responses of belowground organisms to elevated CO 2 , then atmospheric N deposition may modify any direct CO 2 effects. Although this study was undertaken at a low N-deposition site, N deposition is rapidly increasing around the region (Padgett et al. 1999 , Fenn et al. 2003 . At a more regional scale, we would predict that with increased NO x deposition, dynamics become even more complex and need further study. Additionally, if global change includes an increase in precipitation in California, then increased saprotrophic activity could counteract C sequestration.
